Objective: The aim of this in vitro study was to investigate the antibacterial depth effect of continuous wave laser irradiation with a wavelength of 980 nm in the root canal wall dentin of bovine teeth. Background Data: The long-term success of an endodontic therapy often fails due to remaining bacteria in the root canal or dentin tubules, which cannot be sufficiently eliminated through the classical root canal preparation technique nor through rinsing solutions. Materials and Methods: A total of 102 slices of bovine root dentin of different thicknesses (100, 300 and 500 µm) were prepared. The samples were inoculated from one side with 5 µL of an enterococcus faecalis suspension of defined concentration. Four slices per slice thickness served as a control group; the rest of the 30 slices per thickness were subjected to laser irradiation-10 each of these slices were irradiated with distal outputs of 1.75, 2.3, and 2.8 Watts (W). After drying them for 30 sec, the back of the inoculated dentin slice was irradiated for 32 seconds with a 200-µm fiber optical waveguide under constant movement of the fibers. The remaining bacteria were then detached in NaCl under vibration. The eluate produced by this was-taking account of the degree of dilution-plated out on sheep blood agar plates. After 24 h of incubation, the grown bacterial colonies were able to be counted out and evaluated. By doing so, they were compared with the non-irradiated, but otherwise identically treated control group. Results: With a slice thickness of 100 µm, the 980-nm diode laser achieved a maximum bacterial reduction of 95% at 1.75 W, 96% at 2.3 W, and 97% at 2.8 W. With a slice thickness of 300 µm, a maximum of 77% of the bacteria was destroyed at 1.75 W, 87% at 2.3 W, and 89% at 2.8 W. The maximum bacterial reduction with a slice thickness of 500 µm was 57% at 1.75 W, 66% at 2.3 W, and 86% at 2.8 W. Conclusion: The results of this research show that the 980-nm diode laser can eliminate bacteria that have immigrated deep into the dentin, thus being able to increase the success rate in endodontic therapy. 9 
INTRODUCTION
T HE LONG-TERM SUCCESS of root canal treatment attributes to an effective elimination of bacteria that cause an inflammation in the root canal and in the dentin tubules. It has been proved in numerous studies that an emission of laser light directly in the root canal does have such a bactericidal effect. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Antibacterial rinsing solutions, like NaOCl, for example, can, on the other hand, only penetrate into the dentin to a depth of 100 µm, as Orstavik and Haapasalo 17 and Vahdati 18 were able to prove. Klinke et al. confirm that a significant bacterial reduction has been achieved by means of an Nd:YAG laser within the first 300 µm of the dentin, which would correspond to a preparation size of ISO 90. 19 A study carried out by GouwSoares et al. showed that, with a dentin slice thickness of 300 µm, the Ho:YAG laser, adjusted to 2 Watts (W) and 5 Hz, was able to eliminate 96.04% of the inoculated enterococcus faecalis bacteria. 12 In a comparative study carried out by Gutknecht et al., the 810-nm diode laser was checked for its bactericidal effect. 13 With a distal output of 0.6 W in c.w. operation, an average bacterial reduction of 88.38% was able to be achieved with a dentin slice of 300 µm in thickness. The CO 2 laser, too, has potential regarding the antibacterial effect in the root canal, for an average of 98.97% of Enterococcus faecalis bacteria was destroyed at an output of 2 W in c.w. operation, as Gutknecht et al. proved. 9 With this in mind, the objective of the present study is to determine whether the diode laser with a wavelength of 980 nm is also able to supply comparable results, thus having an antibacterial depth effect.
MATERIALS AND METHODS
To check the penetration depth of the laser light into the dentin, a total of 102 slices of root dentin (longitudinal sections) of different thicknesses (100, 300, and 500 µm [±10 µm]) from bovine teeth were produced with the aid of an internal rotating circular band saw. They were then divided into different test or control groups, as shown in Table 1 .
In most of the studies, the bacterial suspension was introduced directly into the root canal, so the tip of the fiber was, therefore, in direct contact with the bacteria during the laser process. 3, [6] [7] [8] [9] In this study, there was a distance between the tip of the fiber and the bacteria, evenly given through the specifically chosen thickness of the dentin slices of 100, 300, and 500 µm. This method was applied in the same way in the studies performed by Gouw-Soares et al., 12 Gutknecht et al., 13 and modified in the study carried out by Klinke et al. 19 The freshly extracted front bovine teeth are especially suitable for the tests performed, as they are not only easy to handle because of their size but also show a morphologic composition similar to human teeth. 20 They are also easier to standardize than human teeth, since the teeth used here come from bovine of the same age, and are, therefore, evenly developed according to age; also, the sclerosing processes of the dental hard substance are equally advanced.
After having been stored briefly in a physiologic salt solution, the samples were sterilized in the autoclave for about 15 min at 121°C and then inoculated from one side via a microliter injection with 1 µL of a previously prepared Enterococcus faecalis suspension of defined concentration (8.8 3 10 9 /mL). Figure 8 shows the inoculation of the suspension. Although this germ does not belong to the germs typically found in the oral cavity, it was used in this study because of its high resistance against thermal and chemical influences. 17 A further criterion for this choice was that it also played a part in numerous other studies, so there is a comparability. 3, [6] [7] [8] [9] 12, 13, 15, 16, 21, 22 According to Moritz et al., this bacterium only begins to show strong morphologic cell damage at an output of 1.5 W and 15 Hz when irradiated with an Nd:YAG laser through a 1-mm-thick layer of dentin. 15 Figure 9 shows the laser treatment of the dentin slices.
The bacterial suspension was shaken thoroughly before each inoculation process to guarantee an even distribution of the germs contained therein. The inoculated area was circular and had a diameter of 5 mm. A 30-sec drying period followed. The back of the inoculated circular area of the test groups was now irradiated for 32 sec in c.w. mode and under constant movement of the fibers with a 200-µm quartz fiber that had been attached to a diode laser with a wavelength of 980 nm (Lasram DLM-980-10). The fiber was held at an angle of approximately 5 degrees to the dentin slice to simulate the situation in the root canal, and there was slight contact between the slice and the tip of the fiber, resulting in an effective beam diameter of 200-250 µm. The output at the distal end of the fiber was 1.75, 2.3, and 2.8 W, and it was checked before and after the irradiation process with a wattmeter.
After the laser process, the small irradiated slice was put into a test tube filled with 1 mL of physiologic salt solution to separate the remaining bacteria under vibration.
From the eluate thus developed of each small slice, a serial dilution was prepared and 100 µm of a degree of dilution was plated out onto each sheep blood agar plate and incubated for 24 h at 37°C. After this incubation period, the typical bacterial colonies that had developed from Enterococcus faecalis were able to be counted and evaluated.
The dentin slices of the control groups were treated in the same way, though with one difference: these had not been irradiated but directly put into the test tube after the drying process.
Since the initial suspension contained a defined bacterial concentration-as already mentioned-the quantity of bacteria found in the eluate could now be established in figures. And to establish the number of bacteria that had actually been eliminated through the laser treatment, the control groups served as a comparison. As these slices had not been irradiated, but otherwise identically treated as the test groups, the loss of bacteria conditioned by the method could thus be established. This loss was primarily given by the germs remaining on the dentin slice, in the test tube or pipette, or even through the natural death of single bacteria.
The results were indicated in "log kills," according to the work performed by Rooney et al. 3 : log kill = log (a/b) with: a = bacterial concentration of the inoculation suspension; b = bacterial concentration in the eluate of control or test group; and log = decadic logarithm. Thus, the log kill was calculated from each single slice of each output, and the average was calculated from each slice thickness and each control group.
By subtracting the average log kill of the control group from the average log kill of the test group, the result was an averagely effective log kill through the process of laser irradiation (log kill Laser ): log kill Laser = log kill Test group 2 log kill Control group
The minimum germ reduction was determined by subtracting the maximum log kill of the control group from the lowest log kill of the irradiated test group. Analogously, the maximum germ reduction was established by subtracting the minimum log kill of the control group from the maximum log kill of the test group.
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RESULTS
With a slice thickness of 100 µm and an increasing output, no difference worth mentioning could be observed in the log kill, as represented in Figure 1 . With a slice thickness of 300 µm [ Fig. 2 ] and 500 µm [ Fig. 3 ], one could reckon the log kill tending to increase when the output was raised. In contrast to this, a decrease of the log kill could be observed with a constant output and increasing slice thicknesses.
The results appear to be more accessible when the bacterial reduction is indicated in percent. Figures 4-6 show that, with an increasing output, the average and maximum bacterial reduction also rose. However, the thicker the dentin slice was, the fewer bacteria could be eliminated. Table 2 shows an overview of the average (maximum) percentage of bacterial reduction through the 980-nm diode laser. With the strongest chosen distal output of 2.8 W, an average of 69% (maximum 97%) of the inoculated Enterococcus faecalis Bactericidal Effect of Diode Laser in Root Canal Wall Dentin 11
FIG. 1.
Average "log kill" and standard deviation of the 100-µm slices.
FIG. 3.
Average "log kill" and standard deviation of the 500-µm slices.
FIG. 4.
Minimum, average, and maximum bacterial reduction at 1.75 Watt.
FIG. 5.
Minimum, average, and maximum bacterial reduction at 2.3 Watt.
FIG. 6.
Minimum, average, and maximum bacterial reduction at 2.8 Watt.
FIG. 2.
Average "log kill" and standard deviation of the 300-µm slices.
bacteria was able to be eliminated through a 100-µm-thick dentin slice. With a slice thickness of 500 µm, it was still an average of 32% (maximum 86%).
DISCUSSION
The output adjustments of 1.75, 2.3, and 2.8 W in this work correspond to the adjustments collected through experience in practical use. Compared with a study performed by GouwSoares et al. 12 in which an Ho:YAG laser could eliminate an average of 90.31% of the Enterococcus faecalis bacteria with a slice thickness of 300 µm, the bactericidal effect found in this work was lower (on average 59% at 2.3 W in c.w. operation). However, with a maximum value of 87%, this does reach the result of Gouw-Soares et al. 12 One must add, though, that in the study performed by Gouw-Soares et al., an output adjustment of 1.5 W at 5 Hz was applied.
Klinke et al. achieved an elimination rate of 92.9 % with an Nd:YAG laser adjusted to 1.5 W and 15 Hz, and with a slice thickness of 300 µm. In this work, however, bacteria of the strain Streptococcus mutans were used as the inoculation medium. 19 In comparison with most types of streptococci, the Enterococcus faecalis germ used in this work distinguishes itself through its higher resistance to physical and some chemical influences. 3, 23 Moritz et al. proved that, with the adjustment-which had also been used by Klinke et al. 19 Enterococcus faecalis bacteria already showed strong morphologic structural damage through a 1000-µm-thick dentin slice. 15 In the study performed by Gutknecht et al., a bacterial reduction on an average of 99.91% was able to be achieved by means of an Nd:YAG laser and an output of 1.5 W at 15 Hzthis in vitro work, though, was performed on roots of extracted human teeth. 6 The fiber, therefore, was in direct contact with the bacteria. Contrary to this, there was a distance in this work which was given by the specific thickness of the dentin slices.
In summary, one can say that, compared with other studies, a smaller bacterial reduction on an average of 37% in the deeper dentin layers were able to be achieved with a diode laser with a wavelength of 980 nm. The maximum values of this study, though, do reach the mentioned values from other works. A possible explanation for the averagely smaller germ reduction is the smaller penetration depth of the 980-nm laser light in hydrous tissue. For a better understanding of the penetration depth, an absorption spectrum was taken of water. As can be seen from the spectrum (Fig. 7) , the absorption in water is markedly higher at 980 nm (0.68 cm -1 ) than at 810 nm (0.12 cm -1 ), or even at 1064 nm (0.26 cm -1 ). The smaller penetration depth results in an increased energy deposition in the upper tissue layers.
The diode laser used here can by all means be applied as a supportive means in endodontic treatment, thus increasing the success rate through its antibacterial effect in endodontic therapy, which should be confirmed by clinical studies.
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FIG. 7.
Absorption spectrum of double deionised water with a water layer thickness of 8 mm, taken in a Perkin-Elmer UV-VIS spectrometer and a CaF 2 flask. The absorption coefficient µ a is applied via the wavelength. The spectrum shows the pure water absorption; Spectrum was mathematically corrected for Fresnel losses at the flask surfaces. 
